Introduction
The area of new product development (NPD) is highly complex and uncertain due to a demanding environment characterised by increased globalisation and segmentation of markets, increased levels of product complexity, changing customer needs, and shorter product life cycles. These economic conditions of the industrial environment have led to concurrent engineering (CE) as a revolutionary approach to NPD, which many manufacturing companies have adopted in response to the ever increasing external demands (Paashuis and Boer, 1997) .
The most valuable benefits of CE are improvement in product quality, and lower time and cost (Wheelwright and Clark, 1992) . In order to achieve them, a multi-fold implementation strategy has to be considered (Swink, 1997) . In this strategy, one of the central concepts is the simultaneous evaluation of multiple aspects of the product design (e.g. manufacturing cost, quality, reliability, serviceability, etc.), which increases the complexity of the design process. For the design managers and engineers to be able to operate effectively, it is absolutely essential that there is continued availability of up-to-date, high quality information (Court et al., 1997) and appropriate mechanisms to support the decisional process. However, in early stages this requirement is often unmet and decision makers have to rely on incomplete, low quality, or inconsistent information (Belecheanu et al., 1999) , or on personal experience (Walsh, 1992) . Uncertainty and difficulty of their decisions are also fostered by the lack of information on the impact of design decisions on downstream activities like manufacturing and service, because this information is not systematically recorded. If uncertain information were complemented with relevant information derived from similar past recorded situations, activities would be able to start processing earlier and increase the degree of parallelism (Gerhart and Zimmermann, 1999) .
Another core concept of CE is the crossfunctional team. In CE projects, multidisciplinary teams work in parallel on product and process design and start to integrate suppliers and customers at a very early stage of product design. Significant amounts of co-operation and co-ordination within and among these teams is usually required, and making good, irreversible joint decisions becomes a complex task. Therefore it becomes important to have concurrent access to a common, centralised body of information on aspects like design, testing, production, service. Furthermore, since teams may not necessarily be co-located and/ or may want to consult past project experience for their decision-making, IT becomes an enabler of information and knowledge sharing (Gerhart and Zimmermann, 1999) .
These issues led the authors to address a specific research question: RQ1. How can past experience enable and support design management decision making in early stages of NPD projects?
The answer has been sought in a study carried out within a pan-European research project comprising academic, industrial and commercial partners. 
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funded by EC and delivered a communication and decision support system for early stages of new product development. This paper focuses on the research approach, technical development and validation of the decision support system. Firstly, the need for design management decision support, based on past experience reuse, is discussed as an emergent conclusion of the engineering design literature survey (Section 2). It is then shown (Section 3) why it is believed that, out of the existing implementation technologies, case based reasoning (CBR) is the most desirable option. The research methodology is presented (Section 4), the processes of defining the user requirements (Section 5), collecting the decision cases and building the case base (Section 6) are discussed, emphasising the involvement and collaboration of the industrial and research partners. Section 7 focuses on technical implementation issues like tool selection, system architecture and search engine features. The final section (Section 8) concentrates on the pilot project case study aimed at testing and validating the system, and highlights the experimental nature of this approach.
Decision support in engineering design
The domain of decision support in the early stages of design projects was reviewed, in order to compare and validate our approach with other decision support approaches. This review identified that the main existing approach was to support design decisions through formal methodologies, methods and tools that meet the needs of the designer engaged in various industrial sectors. However, this research effort did not find significant application in industry, and it has not become part of what industry accepts and uses as``best practice''. Some of the reasons found behind this situation were (Frost, 1999) : even though design theories have drawn upon observations of industry, they have become far too abstract to easily provide the pragmatic outcome sought by industry practitioners; in order to be efficiently put into practice, formal methodologies require large amount of data which is either unavailable or difficult and expensive to collect or generate; designers rely far more on experiential knowledge and intuitive appreciation, coming from long hours spent in design, rather than on general methods coming from outside their design scope;
The findings led, on one hand, to the conclusion that experience-based support systems are suitable for design tasks, since a lot of the reasoning which goes into design decisions is empirical. On the other hand, they have revealed lack of support, in terms of practical approaches that capture and capitalise on these real life experiences within companies, in early project stages. These issues were thus in concordance with the authors' belief that CBR is one of the necessary approaches (solutions) and hence it was further investigated.
Case based reasoning
Case based reasoning is a problem-solving approach that relies on past similar cases to find solutions to problems (Kolodner, 1993) . The CBR principle is based on an analogy to the human task of``mentally searching for similar situations which happened in the past and reusing the experience gained in those situations'' (Leake, 1996) . The CBR process ( Figure 1 ) can be represented as follows (Aamodt and Plaza, 1994 well implement only the retrieve step, as this is the expression of the concept of reuse of experience. The difference between a database search and CBR retrieval is that the latter employs searching mechanisms that are based on classification and decision tree algorithms, or on assessment of the similarity of cases using predefined similarity measures. As the purpose of this paper is to focus on research issues and pilot projects, the authors will avoid a discussion of these algorithms. This section, instead, will highlight the fact that unlike knowledgebased systems, where the problem solving algorithms are expressed in rules, CBR systems deal with case specific knowledge and do not require that the domain must be modelled in rules. CBR is thus suitable for domains lacking a computational model (mathematical or rule based).
In new product development, design management decisions are complex and made under uncertainty. They often have a qualitative, subjective or sometimes unclear argumentation. They are ill-structured. Therefore, experiences are difficult to set within patterns, but easier viewed as distinct cases. For these reasons a CBR approach is more suitable than a KBS approach. Furthermore, in KBS considerable effort is required to set-up a knowledge base, by systematically extracting the rules knowledge from an expert, whereas in CBR systems, entering cases is simpler and can be performed by the users.
CBR has been used with most notable results for customer service and help desk applications. In product design and development, knowledge reuse has focused on product data (e.g. case-based system to facilitate reuse of existing part designs (Taner and Fox, 1996; Maher et al., 1995) , or managing the assignment of physical structures to the functions of a product (Nedeû and Jacob, 1997) , or the integration of the structurebehaviour-function model of product with case based reasoning (Goel et al., 1997) .
It has been, however, hard to find CBR implementations or studies that investigate the reuse of design and management decision making experiences, from a decision-making process perspective, in the area of new product development. It has also been noticed that the reuse of design experience on the background of the project and organisational environment has been neglected (Busby, 1999) .
Research methodology
The CODESCO decision support system was designed to suit the needs of the industrial partners enrolled in the project. A successful implementation of the decision support tool in a company requires a careful analysis of the design needs and capabilities of the company (Cantamessa, 1999) . Therefore, a systematic approach driven by industrial user requirements was adopted for the accomplishment of the research and implementation tasks. The four stages ( Figure 2 ) are detailed in the following sections.
Industrial needs and requirements definition
The two industrial partners were Thomson-CSF and GDA. Thomson-CSF Texen is a company within the THOMSON Group, and manufactures and maintains real time computer equipment for defence and commercial applications (e.g. rugged computers, radars, avionics display systems, etc.). General Domestic Appliances Ltd (GDA) is a major UK manufacturer of cooking, heating and laundry products. Although they are both acting in highly dynamic markets, they are engaged in developing products of very different complexity, for different operating conditions, on different ranges and for different types of customers (Thomson's NPD is based on client order, whereas GDA is market oriented).
The two companies, with previous involvement in EU research projects, have joined CODESCO with a common need: to achieve structured and systematic decision support for their design projects through a shared repository of past and present design experiences. A detailed review of the companies project management procedures and processes (Weber et al., 1998) identified that there exists a case history of past projects contained in disparate``data'' or``information'' sources such as project files, databases and most importantly individuals' memory.
Following the identification of user needs, the user requirements have been established (Table I) .
The main requirement was that the past experience should be presented to the decision maker in a constructive way at the time of making the decision, also indicating the relevance of the information for that particular decision. The information should be accessible and examined by different functions involved in design (marketing, manufacturing, purchasing, service), in order to assess, from their viewpoint, the acceptability of the decision. This further required a client-server architecture of the application, and thus determined one of the selection criteria of the CBR tool. The decision cases would contain contextual information and decision parameters of the decision situation.
Thus, the industrial requirements determined the system requirements and imposed constraints on the case collection, tool selection and system implementation tasks.
Case base development

Data collection
The user requirements were used as a basis to establish the nature and type of information to be captured from the existing projects and cases. Thus the case collection concentrated on a set of decision situations requiring support, different for TEXEN and GDA (Table II) .
Questionnaires, structured and semistructured interviews, focussed workshops and company documentation were used for data collection. The data collection involved project managers, design/development engineers, production, and quality engineers. In the first stage, 15 cases from each company have been collected using structured and semi-structured interviews, and these cases have been entered by the researchers into the database, to allow for the start of the system development. Afterwards, more cases have been entered by the users themselves, all along the project period (including during pilot projects). The cases have been selected from ongoing projects or projects no older than two years.
Data analysis
The information was then analysed to define a generic decision process that is common to a range of projects. 
System implementation
CBR tool selection
The project strategy was to use an off-theshelf CBR tool, to facilitate implementation with the resources available. Therefore, a review of the CBR tools on the market identified 16 suitable tools. An initial screening process, using criteria like reasoning mechanism and speed, customisability of interface, client-server architecture, ability to represent cases collected, etc.), reduced this list down to four potential contenders.
Each of these four tools was then evaluated against six criteria and rated using a 0 to 10 scale, with respect to how well the tool satisfies that criterion (0 ± completely unsuitable; 10 ± very suitable) ( Table III) .
The evaluation has been done by the partners responsible for system implementation. They used demo versions of each tool and implemented, with each tool, small examples of building a database and performing queries in order to test the capabilities. The easy reasoner (TER), a product of The Haley Enterprise Ltd, was identified as the most suitable tool for our application. The searching engine of TER (i.e. the indexing and retrieval mechanism required by CBR is implemented in Eclipse, an expert system shell with Clips-like programming language. However, a layer of C libraries is also provided for searching, thus ensuring embeddability.
Unlike the other tools researched, TER is not a``ready-to-use'' software tool, and therefore requires more application programming effort. The main advantages of choosing TER were that:
it allows for an external database in text format (dbf format), to which any other format can be converted using Open Database Connectivity (ODBC) drivers; and it employs text based searching mechanisms, an important requirement since decision cases were recorded using textual information.
System architecture
The system was built around an Internet/ intranet based client server architecture. The search engine of TER and the C application were located on the server. The C application was run by the applets, as a common gateway interface (CGI) application, in order to execute user queries. The Web server manages the transfer of data between applets downloaded on the client and the CGI application from the server. The database of cases was implemented in MS Access, located on the server and accessed by the applets through dbAnywhere drivers, (for functions like case entering and database maintenance) and by the TER search engine through ODBC.
TER application development
The CBR system solves a query containing information about``problem and context'' and returns a list of the`n' most similar cases (``n''ì s user defined), or cases with similarity less than a user specified threshold. The similarity between two cases is calculated pairwise, between pairs of fields, using the`nearest neighbour'' (NN) algorithm (The Haley Enterprise, 1997; Watson, 1997) . In order to calculate the similarity, two tasks are undertaken. First, an``index'' of all the records in the database is built by generating statistical information. Second, this information is used to determine the cases most similar to the query, using the NN algorithm. The statistical information is determined in the following way: each text field is considered a list of terms (words) and the information in the field is normalised, so that each field contributes evenly to the global distance of two cases. Hence, a weight is determined for each term in the text field of the case (record), and a weight is determined for each term in the text field of the query. These weights make part of the index and are used to calculate a normalised distance between two fields:
where Wk ± the weight of the k-th term in the query. An important consequence is that the similarity is calculated only from the fields with information. Therefore the results depend on how complete and detailed the query and the cases are.
An example of a query with results and similarity indices calculated is shown in Figure 3 .
Pilot project experiences
Installation and evaluation
The objectives of the pilot projects were to evaluate the system usefulness, and to identify and analyse the changes in terms of concurrent engineering support.
In the first stage, the system was installed and tested in GDA and Texen. The installation was done using separate Web servers and database servers dedicated to CODESCO, in order to avoid interference with other company business software, due to any potential technical problems. Thereafter, user training was carried out to a small group of project managers and design engineers, who then acted as``coaches'' for the rest of the company users.
For evaluation, feedback was methodically acquired, through a questionnaire aimed at capturing information on the benefits of the system, suggestions for improvements. In terms of usefulness, the evaluation task revealed that the effectiveness of the system depends critically on two aspects: system's technical capability and decision maker's attitude towards the concept of reuse of past experience.
The technical capability of the system was evaluated by looking at``how effective the reuse of previous decision making experience is through the CODESCO system''. Analysing the user feedback, it has been realised that a quantitative approach for measuring the system effectiveness was not possible. Instead the following qualitative aspects have been considered, based on a similar evaluation for knowledge elicitation methods in engineering design (Stauffer et al., 1991) : applicability: how applicable the solution retrieved is for the new problem; efficiency: how much information is in the results, reported to how much effort is required to get it (case entry and query).
Figure 3
User interface for query and results
[ 42 ] It has been, thus, observed that the solution applicability is subject to these conditions. Out of these, the first two conditions have often not been satisfied by GDA and Texen, and this situation is also likely to happen again, with other companies. In general, solution applicability is not guaranteed in all situations, hence the system is limited to having an``advisory'' role and to suggest a possible solution to the problem at hand. One of the reasons for this is the wide range and complexity of early NPD decisions. Furthermore, there was a risk of sub-optimal exploitation of the system: different users can record same information using different words, which can affect the textual based similarity among cases.
The use of a common vocabulary is beneficial in order to avoid equivocal descriptions. Therefore, it becomes a prerequisite that users share a common vocabulary across the company, and that this vocabulary is consistently used in the CBR system.
It is also important to note that the user's attitude towards the concept of reuse of past experience can affect the system's usage and hence performance. This attitude can be, in its turn, influenced by reluctance to use others' experience (Busby, 1999) (especially designers), or by position in the company (e.g. design team member, or design manager) (CODESCO, 2000) , or by the type of decision the user is involved in. The pilot projects have run for 11 months, during which between 60 and 80 cases have been entered in each company. After the pilot projects, the companies have reported that they continued to use the system after the pilot projects finished, but refinements were also made in terms of speed and user interface.
Example
The following case illustrates one situation of successful use of the system. An alignment problem of the control knob on electrical freestanding cookers had been identified by the industrial design department. The CBR query contained the following fields: Thè`p roblem'' field contained``control knob is inside the control pocket or well as opposed to sitting on top'',``identification phase'' was`f easibility stage'',``product category'' was`5 0cm electric single oven and double oven'',`s ub-assembly'' was``control panel'',`c omponent'' was``control knob''.``Not to compromise appearance'' was the maiǹ`c ustomer constraint''. Other constraints were:``the solution would have to comply with existing tooling'',``time was critical to release parts for tooling'', and``cost was of moderate importance''.
The CBR system retrieved a list of cases of control knob problems, of which the one rated most similar was``an alignment problem''. It had been identified in``the first prototype phase'' on a``gas cooker'' and recorded as occurring on all products. The case contained one single solution, i.e.`f ixing the control panel to hob pressing which reduced movement of knob and hence solves alignment problem''. The advantage of the solution was not only that it solved the problem, but also that it had an additional constraint of which the industrial designer had not been aware: a``Six sigma'' constraint of a``1.5mm gap between control knob and its well, with a tolerance of 0.5mm''. However, the solution had disadvantages:``cost increased due to extra parts for electrical products'' and``assembly cost and time increased, in order to jig the control into the gas rail for gas products''. The latter drawback was, however, not relevant for the user's problem (electric product). After using the CBR system, the solution was implemented to the electric cooker as well, and the outcome was satisfactory, but with one inconvenience: the``Six Sigma'' tolerance target was not achieved (only 0.7mm achieved), but the target was relieved. It has been identified that even though``Six Sigma'' was regularly used in design, tolerance analysis was not. More importantly, the users became concerned that there was``no company record on how capable the existing design processes are''.
8.3 Impact on the new product development process (a concurrent engineering perspective)
The companies have identified a number of benefits from the implementation of the system:
It is probably the most notable benefit that the use of CODESCO has raised the awareness of managers and engineers across functions (not only design) in the importance of not only recording decisions, but also in having a structured approach when doing so. This has, in its turn, increased transparency of the company project experiences. The system was Texen's first experience with a CBR tool. It found it a valuable tool in supporting the exchange of knowledge across projects and saving part of the company memory on a systematic basis, considering that, frequently, employees change jobs inside the organisation or leave the company. It was also shown that an increased availability of design information was made outside the core development team. Since functions like marketing, purchasing, manufacturing, production had had little access to design information prior to system installation, the system contributed to the CE principles, by integrating the mutual projects and functions handled in parallel in the company. It thus helped the project team moving towards a more conducive CE culture.
In terms of disadvantages, the companies found that significant amounts of time and training needed to be spent towards documenting and sharing decision experiences in a manner in which others can reuse. Additionally, commitment is needed to maintain and improve the knowledge base. Since the``return'' of the system with a small case base (at the beginning) is low, it is recommendable to use incentives for users' motivation in this task.
Conclusions
The paper has reported on a new type of application of CBR, i.e. to support NPD decisions in a concurrent engineering environment. The application has addressed the initial research question by showing that CBR can be employed to enable the reuse of engineering knowledge in NPD, but that there are factors which can diminish the system's performance and acceptability. Based on pilot projects in two large industrial companies, it has been shown that the application of CBR in NPD results in major advantages such as increased transparency of company experiences across functions, active support for systematic facilitation of individual decision-making processes, and facilitates the move towards CE principles. On the other hand, the main disadvantage resides in the fact that the applicability of the solution retrieved is not guaranteed, due to the complexity and fairly wide range of NPD problems.
As an experimental approach, the effort has contributed to identifying feasibility conditions. In this respect, the conclusion is that the CBR application to NPD decisions is feasible, but the main danger is that if there is a wide range of decisions addressed (see, for example, Table II), decision cases cannot be classified by CBR using traditional classification algorithms (e.g. decision trees), and hence strong textual retrieval capabilities are required. In this case performance is jeopardised, but minimal conditions for case base maintenance can be employed in order to maintain performance (e.g. sufficient number of cases, complete cases, terminology consistent across cases). Therefore, designing the system has to deal with the trade-off between scope and performance.
Furthermore, the paper has shown that the success of such a system, which can be costly to develop and implement, depends also on the willingness of people to use and improve the system on a daily basis. This, indeed, has substantial implications in terms of technical training and support, as well as the need for a clear company strategy for encouraging, motivating and for maintaining the knowledge base. 
